The effects of annealing on the microstructure, texture, tensile properties, and R value evolution of an IF steel sheet after room-temperature symmetric and asymmetric rolling were examined. Simulations were carried out to obtain R values from the experimental textures using the viscoplastic self-consistent polycrystal plasticity model. The investigation revealed the variations in the textures due to annealing and symmetric/asymmetric rolling and showed that the R values correlate strongly with the evolution of the texture. An optimum heat treatment for the balance of strength, ductility, and deep drawability was found to be at 873 K (600°C) for 30 minutes.
I. INTRODUCTION

INTERSTITIAL-FREE (IF) steel in sheet form is
often used for car body panels and a variety of consumer products. However, the shapes of these products are becoming increasingly complex, while requirements for weight reduction and strength increase are concurrently becoming more stringent. Therefore, the simultaneous improvement of deep drawability and strength of IF steel sheet is needed now more than ever before.
The conventional-that is symmetric-cold rolling (SR) process is normally used for the production of IF steel sheets of appropriate thickness. [1] It is typically followed by an annealing heat treatment before the deep drawing operation, as the ductility of the cold-rolled sheet is exhausted due to severe work hardening. However, the optimization of this route of thermomechanical processing [2] [3] [4] has reached its limit in terms of obtained mechanical properties in SR. Therefore, different approaches are being investigated to further improve the properties.
A further increase in the properties may be obtained by asymmetric rolling (ASR). [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The main advantage of ASR is that in addition to the reduction in thickness, it can introduce homogeneous simple shear through the thickness of the sheet. [15] Such a shear increases the efficiency of grain refinement, rotates the rolling texture, and increases the yield and ultimate tensile strengths. Nevertheless, both the uniform and the total elongations decrease to such an extent that a subsequent deep drawing operation is not possible immediately after rolling. Hence, an annealing treatment is still required. However, it is expected that the annealing kinetics of the ASR-manufactured sheet will be substantially different from the conventional SR-manufactured sheet due to the above differences in microstructure and texture. Therefore, the role of heat treatment needs to be investigated and optimized with respect to texture, ductility, and R values.
Hence, this second part of our work examines the effects of annealing on the microstructure, texture, hardness, tensile properties, and R value evolution in asymmetrically rolled IF steel. The experimental investigations were based on tensile and microhardness tests and electron-backscatter diffraction (EBSD) analysis. They were also complemented with crystal plasticity modeling to simulate the R values.
II. METHODS AND MATERIALS
A. Experimental Material and Processing Conditions
Hot-rolled and recrystallized IF steel plates (Fe-0.0017C-0.05Mn-0.011P-0.005Si-0.023Al-0.021Cr-0.052Ti-0.002N, wt pct) supplied for the investigation by Tata Steel Ltd were rolled in symmetric and asymmetric processes down to a thickness of 2.0 mm at ambient temperature, as described in detail in Part I. [5] The results reported in Part I demonstrate that the dependence of microstructure and texture characteristics, as well as mechanical properties, on the level of rolling asymmetry is monotonic. The reversal of asymmetry direction between rolling passes mostly leads to a lag of the asymmetry effects on the above-mentioned material characteristics between the limits set by the extreme cases of symmetric and ASR with roll diameter ratio d r of 1:2. Therefore, two representative conditions were selected for this part of the study: after conventional SR, and ASR with differential diameter ratio d r of 1:2 in the monotonic regime . A summary of the processing regimes used is given in Table I . Annealing was carried out on the rolled samples in a muffle furnace at temperatures between 773 K and 1023 K (500°C and 750°C) with intervals of 50 K (50°C) for 30 minutes followed by air cooling.
B. Characterization of Microstructure and Properties
Samples were tested in both the as-processed (coldrolled) condition and after heat treatment. For the characterization of mechanical properties, microstructures, and textures, samples were cut at least 5 mm away from the left/right edges and at least 20 mm away from the front/rear edges of the as-rolled sheets. The specimens for tensile tests were cut by electric-discharge machining and then ground on SiC paper with grit 400 to remove rolling scratches and oxide layers after annealing. The microstructure and texture characterizations were performed by EBSD analysis in a highresolution scanning electron microscope (SEM) on the normal and rolling direction (ND-RD, respectively) planes, perpendicular to the transverse direction (TD). All specimens for the microstructure analysis were sectioned, ground on SiC paper, and polished on cloth with a diamond suspension to a mirror-like finish. For EBSD analysis, the specimens were further electropolished in a perchloric acid-based electrolyte at À25°C. Vickers hardness (HV) tests were performed on the specimens after the EBSD observations.
Tensile tests were performed on flat samples scaled down by a factor of 2.5 from the ASTM E8M-08 standard, having a gage length and width of 10 and 2.4 mm, respectively. In order to determine the Lankford parameter (R value), the samples were cut in three directions: parallel to RD, 45 deg to RD, and 90 deg to RD (parallel to TD). At least three specimens were tested in each condition. The tensile tests were carried out using an INSTRON 55R4505 testing machine operated at a constant cross-head displacement speed and equipped with a standard mechanical 10-mm clipon extensometer. The initial strain rate was set to 8.3 9 10 À4 s À1 . HV tests were performed at a load force of 100 N and a dwell time of 15 seconds with at least 10 indents recorded for each measurement point. A high-resolution field-emission gun SEM FEI Quanta 3D fitted with a Hikari high speed EBSD detector and the EDAX-TSL OIM v.5 software package was used for the EBSD data acquisition and texture analysis. The EBSD scans were performed with a step size of 10.0 lm to cover a large area of at least 6 9 2 mm in size. To achieve this, data from 3 to 4 scans were merged for each processing condition. Although such a coarse step size did not allow precise subgrain microstructure characteristics from these EBSD data, the scanned areas were sufficiently large for a statistically reliable global texture analysis. It can be estimated using the grain size measured from EBSD scans with a much smaller step size, see below, that these areas contained at least 1000 grains, which is sufficient for a statistically reliable analysis of texture evolution. A much smaller step size, 0.1 lm, was used to map the microstructure in the mid-thickness region of the sheet. Points with low confidence index (CI < 0.1) were ''cut-off'' in the texture analysis to reduce orientation noise or ''cleaned up'' in the microstructure analysis to remove artifacts caused by mis-indexing. Unless otherwise specified, the grain boundary spacing reported below means linear intercept length obtained in the ND direction. Subgrain boundaries were only considered if the misorientations were above 2 deg.
III. RESULTS
A. Analysis of Texture Evolution
The dependence of texture evolution on the annealing temperature after cold rolling is illustrated in the u 2 = 45 deg section of the Euler orientation space by plotting the measured orientation distribution functions (ODFs) in Figure 1 . Due to the symmetry of the ASR process, the ODFs were plotted in the 0 to 180 and 0 to 90 deg ranges in the u 1 and F directions, respectively. The fibers and ideal positions of texture components are indicated in each section. After cold rolling in SR, the texture is very strong with a maximum intensity of 11.7 mrd (multiples of random), see Figure 1 [5] ; it appears as a shift of the SR texture in the F direction in this section of orientation space. The texture is also slightly weaker: The maximum ODF intensity is 10.5 mrd. The rotated cube component is especially weak with respect to the SR case. Upon annealing at the lowest annealing temperature, 773 K (500°C), the texture strengthens, for both SR and ASR (Figures 1(c) and (d) ). With an increase of annealing temperature to 873 K (600°C), the c-fiber progressively strengthens at the expense of the a-fiber (Figures 1(e) through (h) ). It is important to note that the general rotated nature of the ASR texture with respect to the SR case persists at these temperatures. However, annealing at 923 K (650°C) reduces the rotation, which finally disappears at 973 K (700°C). At this temperature, both the SR and ASR textures consist mainly of the c-fiber (Figures 1(k) and (l) ). At 973 K (700°C), the only difference between the two textures is a slightly stronger cube component in ASR.
The most uniform c-fiber can be obtained at 923 K (650°C) for both SR and ASR with the difference between them being a rotation of about 7 deg. At higher temperatures, two components of the c-fiber, the ð111Þ½121 and the ð111Þ½112 , strengthen more than the rest of the fiber. The ODF of the ASR-processed sample after annealing at 973 K (700°C) (Figure 1(l) ) is almost identical to the ODF of the SR-processed sample after annealing at 1023 K (750°C) (Fig 1(m) ), which indicates that the recrystallization process is completed earlier in ASR than in SR. It can be seen in Figures 2(a) and (h) that in the asprocessed condition after cold rolling, the microstructures are dominated by LABs, the density of which varies substantially from grain to grain. HABs from the initial grains before processing are seen as serrated, but planar on a larger scale, isolated black lines crossing the maps entirely in a direction close to the RD. In the ASR-processed material (Figure 2(h) ), the boundary spacing is more homogeneous, and the fraction of deformation-induced HABs is slightly higher compared to SR (Figure 2(a) ). Annealing at 773 K (500°C) does not lead to any substantial changes in the boundary structure, while the fraction of HABs increases due to decreasing LAB density. The increase of annealing temperature to 823 K (550°C) leads to the disappearance of LABs in some grains having orientations close to the a-fiber (Figure 2(c) ) in the sample after SR processing. In the ASR sample, this effect is less pronounced after annealing at 823 K (550°C) (Figure 2(j) ), but intensifies at 873 K (600°C) (Figure 2(k) ). In the SR-processed material, the latter temperature already leads to partial recrystallization (Figure 2(d) ). With a further increase of the annealing temperature, the recrystallization is stronger so that at 973 K (700°C), the structure is fully recrystallized in both sets of samples. In the ASR-processed material, grain growth occurs already at 973 K (700°C) (Figure 2(m) ), while in the material after SR, it becomes pronounced only at 1023 K (750°C) (Figure 2(g) ).
B. Analysis of Microstructure Evolution
C. Mechanical Properties and R Values
In order to detect the occurrence of softening, HV tests were conducted on the samples after each annealing temperature. The results of the HV tests are shown in Figure 3 . In the cold-rolled condition, the HV is~15 pct higher after ASR than after SR. Annealing at 773 K (500°C) does not change this difference, while it leads tõ 20 pct decrease of the hardness for both processing conditions. A further increase in annealing temperature leads to a sharp monotonic decrease of HV. Although the average HV value in the ASR sample annealed at 873 K (600°C) appears to be slightly higher than that after annealing at 823 K (550°C), this difference lies within the statistical variation of the hardness measurements. Note that the variation of HV after annealing at 823 K (550°C) is higher than the hardness after 873 K (600°C); only the average values are nearly the same for both the SR and ASR conditions. The decrease of hardness in the ASR-processed material is more rapid than in the SR-processed sample. After annealing at 923 K (650°C), the HV values in both conditions become equal. The unexpected fall in the HV value below the initial value in the ASR-processed sample annealed at 973 K (700°C) is most likely a texture effect. This is indirectly confirmed by the tensile tests and discussed below.
Based on the analysis of texture, microstructure, and HV evolution, it was found that the most substantial changes in structure and properties after cold rolling took place for annealing temperatures of 823 K to 923 K (550°C to 650°C). Therefore, tensile tests were conducted only for the samples annealed at 823 K, 873 K, and 923 K (550°C, 600°C, and 650°C). The dependencies of strength and ductility characteristics of the cold-rolled samples for these annealing temperature are shown in Figures 4(a) and (b) , respectively, for both SR and ASR. It can be seen in Figure 4 diagram) decrease monotonically with an increase in the annealing temperature. At the same time, the asymmetrically rolled material softens faster than that symmetrically rolled. Initially, the ASR cold-rolled material is stronger than the SR one, then it becomes equivalent after annealing at 823 K (550°C), and finally softer at higher heat treatment temperatures, even though the difference is not large, see Figure 4 (a). The elongation characteristics remain lower in the ASR-processed material and the difference becomes larger with an increase in the annealing temperature (Figure 4(b) ).
In the as-processed (cold-rolled) material, the uniform elongation was quite low-at the level of d u % 1.5 pct for both processing schedules. With the gage cross section of tensile specimens being only 2.0 9 2.4 mm 2 , the corresponding dimension variations were within £35 lm. In addition, the sample surface became uneven due to a developed relief. Therefore, the R values could not be measured with sufficient accuracy, even with the aid of an optical microscope, due to the experimental error exceeding the strain anisotropy effect. Hence, the R values were calculated theoretically for this case. The viscoplastic self-consistent (VPSC) model [16] was used by employing the 12 110 f gh111i and 12 112 f gh111i slip systems with 0.95 times smaller shear strength for the latter systems [17] ; 3000 grain orientations were selected from the experimental textures using the discretization technique described in Reference 18. Mixed boundary conditions were applied in this modeling concerning the macroscopic stress and strain components by leaving the cross-sectional strain components free. These strain components were then obtained from the simulation, and their ratio defined the R value.
Experimental R values were determined only for the annealed samples. The results obtained are presented in Table II and in Figure 5 . There are two common trends in the data for both processing conditions: (i) the planar anisotropy Dr monotonically decreases with an increase in annealing temperature and (ii) " r is the largest after annealing at 873 K (600°C). The best R values can be obtained in ASR conditions, by annealing the coldrolled samples at 873 K (600°C). The simulations carried out for this case confirm this experimental result because the overall R values are also the best and the highest with respect to the other simulation results ( Figure 5 ).
IV. DISCUSSION
A. Effects of Annealing Temperature on MicrostructureTexture-Strength Relationship
This investigation demonstrates that in the as-processed condition, both the tensile strength and HV arẽ 15 pct higher in the material cold rolled in the ASR regime compared to the SR regime. Along with the results presented in Part I, [5] this work reveals that the gain in strength of the IF steel sheet processed by ASR comes from two major factors: (i) more developed substructure and (ii) tilted crystallographic texture components compared to the SR processing. At the same time, the total strain level of e % 2.2 accumulated in both processing regimes [5] is insufficient to form homogeneous equiaxed deformation-induced cells with high-angle misorientations on their boundaries. The presence of a high dislocation density and dominating 
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Angle to RD, degree SR* ASRm20* +Ann@550 +Ann@550 +Ann@600 +Ann@600 +Ann@600* +Ann@650 +Ann@650 +Ann@650* +Ann@650* LABs in such microstructures indicates a very high amount of stored energy. [19] Such microstructures are prone to have low thermal stability. [20] The evidence of this has indeed been found in the present investigation. Namely, low-temperature annealing at 773 K to 873 K (500°C to 600°C) leads to the equalization of HV between SR-and ASR-processed samples along with a HV drop for~20 pct (Figure 3) . A similar drop and equalization of both tensile strength characteristics (r YS and r UTS ) has also been found after annealing at 823 K (550°C) (Figure 4(a) ). Then, this is followed by a slightly quicker drop in strength in the ASR-processed samples after annealing at 873 K (600°C). These processes are accompanied with the decrease of LAB density in both sets of samples, as can be seen in the EBSD boundary maps in Figures 2(b) , (c) and (i) through (k), while an increase in annealing temperature to 873 K (600°C) leads to the start of recrystallization in the SR-processed sample. At the same time, the variation of texture is negligible up to annealing at 823 K (550°C) (Figures 1(c) through (f) ). The annealing at 873 K (600°C) leads to strengthening and homogenization of the c-fiber in the SR sample, as described in section 3.1, and also to sharpening of the texture around ð112Þ½110 and the tilted ð001Þ½110, ð111Þ½121, and ð111Þ½011 components in the ASR case.
It is well known that both the hardness and strength characteristics are primarily controlled by the dislocation substructure, see for instance References 21, 22, and 23. Therefore, the observed decrease of hardness and tensile strength up to the annealing temperature of 823 K (550°C) is triggered by the reduction in dislocation density within the subgrains due to recovery. This means that the first effect of ASR processing caused by the more developed substructure vanishes first with lowtemperature annealing. When the annealing temperature is increased to 873 K (600°C), this effect becomes exhausted, and the second effect of a tilted crystallographic texture starts to take the lead. This is reflected in higher strength of the SR-processed material after annealing at 873 K (600°C), Figure 4 (a), even in spite of the beginning of its recrystallization, evidence of which can be found in Figure 2 (d) (relatively large HAB-surrounded grains without substructure).
The process of recrystallization accelerates in the samples after both processing schedules during annealing at 923 K (650°C). This is accompanied by a significant drop in the strength and hardness as well as by the rotation of the textures induced by the ASR processing toward those orientations stable for conventional SR. The only noticeable difference in texture between the two material conditions is a slight prevalence of the ð001Þ½010 component in the ASR-processed sample. After annealing at 973 K (700°C) and above, the materials processed by either rolling schedule demonstrate a fully recrystallized microstructure having typical crystallographic textures in their ideal orientations. In both materials' as-processed conditions, the strength drops to the level of the initial material before processing. This combination of microstructure, texture, and strength means that annealing at 973 K (700°C) for 30 minutes is sufficient to remove both the abovementioned effects of deformation processing.
B. Effects of Annealing Temperature and Microstructure-Texture Relationship on Ductility and Deep Drawability Characteristics
As has been found in Part I of this study, [5] and shown in Figure 4 (b), immediately after deformation processing, the tensile elongation largely deteriorates, considering the usual capacity of an IF steel. The uniform elongation d u is nearly equal in both sets of samples, while the total elongation d f is slightly higher in the case of conventional SR processing. The low-temperature annealing at 773 K to 873 K (500°C to 600°C) leads to a modest increase in these characteristics with almost negligible variation in the differences between samples processed by SR and ASR. The analysis of microstructure and texture evolution suggests that the increase in elongation up to this stage is solely governed by the recovery of the dislocation substructure, i.e., the vanishing of the first effect of deformation processing.
The increase in elongation is significantly accelerated with the development of recrystallization during annealing at 923 K (650°C). It is also accompanied by a noticeably faster growth of d u and d f in the SRprocessed sample. In this sample, the recrystallization is more developed, and a majority of texture components already have the c-fiber orientation. By contrast, a considerable fraction of the ð001Þ½010 texture component can already be found in the ASR-processed sample. These observations suggest that the ductility characteristics at this stage are significantly affected, not only by the deformation substructure but also by the texture characteristics.
The evolution of deep drawability parameters, or R value, appears to correlate quite well with the texture variations. Namely, the R values increase with the increase in strength and volume fraction of the c-fiber, and decrease when the partial rotation of texture toward ð001Þ½010 takes place. Therefore, the highest R values are found to be after annealing of the ASR-processed material at 873 K (600°C), where the presence of ð001Þ½010 oriented grains is within the level of random orientations, while the c-fiber is the strongest and the deformation-induced substructure is almost completely removed. Additional benefits of the material properties in this condition are the elevated values of elongation along with a still reasonably high strength.
As a general remark, IF steel after ASR appears to have an accelerated rate of recrystallization kinetics compared to that in the SR-processed material. The rotation of texture to the more stable ''conventional rolling + annealing'' orientations also seems to be responsible for the more rapid drop in strength characteristics for the ASR-processed material. The thermomechanical processing of IF steel sheet by ASR with a diameter ratio d r = 2.0 and following annealing at 873 (600°C) for 30 minutes is found to be optimal for the balance of strength, ductility, and deep drawability characteristics.
V. CONCLUSIONS
This second part of our work analyzes the annealing effects on microstructure, texture, tensile properties, and R value evolution in symmetrically and asymmetrically rolled IF steel. Based on the experimental investigations and crystal plasticity modeling, it was found that 1. The tilted texture after ASR processing rotates toward stable positions during annealing. Similar to the textures after conventional rolling, a very strong c-fiber forms at the expense of a disappearing a-fiber. 2. The R values correlate strongly with the texture evolution. They increase with the increase of the c-fiber strength and its volume fraction, and decrease when the ð001Þ½010 texture component strengthens. 3. The thermal stability of IF steel sheet processed by ASR is lower than that after conventional rolling which is caused by a higher level of stored energy in the as-deformed microstructure. 4. Annealing at 873 K (600°C) for 30 minutes was found to be optimal for the balance of strength, ductility, and deep drawability characteristics.
